This work reports on the advantages of using carbon nanodots (CNDs) in the development of reagent-less oxidoreductase-based biosensors. Biosensor responses are based on the detection of H 2 O 2 , generated in the enzymatic reaction, at 0.4 V. A simple and fast method, consisting of direct adsorption of the bioconjugate, formed by mixing lactate oxidase, glucose oxidase, or uricase with CNDs, is employed to develop the nanostructured biosensors. Peripherical amide groups enriched CNDs are prepared from ethyleneglycol bis-(2-aminoethyl ether)-N,N,N ,N -tetraacetic acid and tris(hydroxymethyl)aminomethane, and used as precursors. The bioconjugate formed between lactate oxidase and CNDs was chosen as a case study to determine the analytical parameters of the resulting L-lactate biosensor. A linear concentration range of 3.0 to 500 µM, a sensitivity of 4.98 × 10 −3 µA·µM −1 , and a detection limit of 0.9 µM were obtained for the L-lactate biosensing platform. The reproducibility of the biosensor was found to be 8.6%. The biosensor was applied to the L-lactate quantification in a commercial human serum sample. The standard addition method was employed. L-lactate concentration in the serum extract of 0.9 ± 0.3 mM (n = 3) was calculated. The result agrees well with the one obtained in 0.9 ± 0.2 mM, using a commercial spectrophotometric enzymatic kit.
Introduction
The inclusion of nanomaterials has marked a turning point in biosensor development. With remarkable achievements in nanotechnology and nanoscience, nanomaterials-based electrochemical signal amplifications have great potential in improving both the sensitivity and selectivity of electrochemical biosensors [1, 2] . The high sensitivity and selectivity of nanomaterials-based biosensors have led to great advances in the development of new methodologies for the early detection and diagnosis of disease associated biomarkers. Currently, the new synthetic methods available, allow preparation of a wide range of nanomaterials with tunable size, shape, surface functional groups, and physicochemical features [3, 4] . In particular, a wide range of carbon nanomaterials have been explored as potential base platforms for the development of biosensing systems [5] . Among them, carbon nanotubes and graphene are the most employed ones, due to their unique mechanical, electrical, thermal, and optical properties. However, these carbon nanomaterials have significant drawbacks, derived from the difficulty of fabrication and high cost for commercial production [6] . solution (50 U/mL) was prepared in 0.1 M borate buffer (pH 8.5). All stock solutions were stored at -20 • C. Purification of water was carried out in a Millipore Milli-Q system.
A double beam PharmaSpec UV-1700 series (Shimadzu Corporation) was used to record optical absorption spectra. In order to use a small sample amount, low volume 1.0 cm quartz cuvettes from Hellma Analytics were employed.
Emission spectra were obtained using a Cary Eclipse spectrofluorimeter from Varian. Electrochemical measurements were performed with a potentiostat PGSTAT 302N from Metrohm Autolab. Four-millimetre diameter screen-printed gold electrodes (SPAuE, Metrohm DropSens), including a silver pseudoreference electrode and a gold counter electrode, were used. For Electrochemical Impedance Spectroscopy (EIS) experiments, an equimolar (10 mM) K 3 Fe(CN) 6 /K 4 Fe(CN) 6 mixture in a 0.1 M phosphate buffer solution (pH 7.0) was used. Impedance measurements were recorded in the 10 5 -10 −2 Hz frequency range, with a sinusoidal potential modulation of ±10 mV in amplitude.
An inverted microscope Axiovert200 (Zeiss), coupled to a Charge-Coupled Device (CCD) monochrome camera, was employed to register the fluorescence images. A SPECTRA-X (LUMENCOR) was used as the illumination source with a 10X/0.45 Plan/Apochromat Ph 1. A DAPI (395/25) objective and DAPI (432/36) excitation and emission filters, respectively, were used.
Atomic force microscopy (AFM) studies were performed with an Agilent 5500 microscope with an Olympus cantilever (RC800PSA, 200_20 mm). Tapping-mode in liquid medium has been used to image the enzyme LOx deposits on gold substrates.
Procedures

Synthesis of Carbon Nanodots
CNDs were synthesized from ethyleneglycol bis-(2-aminoethyl ether)-N,N,N ,N -tetraacetic acid (EGTA) and tris(hydroxymethyl)aminomethane (TRIS), as described by Ahmed et al [26] . For that purpose, EGTA (0.8 g) and TRIS (1.0 g) were dissolved in purified water (30 mL) . The solution was then heated up to 150 • C to form a yellow gel, and washed with five portions of water (1 mL). After that, the temperature was raised to 180 • C, and the gel became dark orange. It was then diluted in water (25 mL) and passed through a nylon filter (0.45 µm). The final purification was carried out by dialyzing the solution (MWCO, 3.5 KDa) for three days. It was then kept at 4 • C until use. From the elemental analysis, a concentration of 3.5 µM for the stock solution was estimated [25] .
Bioconjugate Enzyme-CNDs (Enz-CND) Preparation
Bioconjugates of LOx, GOx, or UOx, and CNDs, were prepared by mixing 25 µL of the stock solution of CNDs and 25 µL of the stock solution of the corresponding enzyme, allowing them to interact for one hour. Subsequently, to remove the excess of reagents, the bioconjugate was purified using an Amicon Ultra Centrifugal Filter (Millipore) by centrifugation at 9520 RCF (10,000 rpm) for 10 min at 4 • C.
Fluorescence Microscopy and AFM Samples Preparation
Samples for fluorescence microscopy were prepared by drop casting 50 µL of the bioconjugate LOx-CNDs onto a glass slide (fluorescence microscopy) or gold substrates (AFM) and allowing it to dry for 24 h.
Biosensor Preparation
For the first step, the SPAuE was activated in 0.1 M H 2 SO 4 by cycling the potential (10 scans) from -0.2 and 1.2 V at 0.10 V/s. Then, 10 µL of the LOx-CNDs, GOx-CNDs, or UOx-CNDs bioconjugate solution was deposited onto the activated gold electrode surface and air dried (Enz-CNDs/SPAuE).
Determination of L-lactate in Human Serum
The developed biosensor was employed in the quantification of L-lactate in human serum. Deproteinization was needed as a sample pretreatment. For that reason, equal volumes (1.0 mL) of serum and cold 1 M perchloric acid were mixed. The solution was agitated and centrifuged at 1720 RCF (4250 rpm) for 10 min. The supernatant was kept and neutralized with 1 M NaOH. After that, 0.3 mL of the neutralized sample was diluted in 3.0 mL of 0.1 M phosphate buffer (pH 7.0). The results obtained using the standard addition method were validated towards a commercial enzymatic assay kit.
Results and Discussion
Electrochemical biosensors that combine enzymes and nanomaterials integrate the recognition and catalytic properties of enzymes with the electronic properties of various nanomaterials. They provide novel constructs with synergistic properties that originate from the components of the hybrid nanocomposites. Among carbon-based nanomaterials, CNDs have attracted great interest, because they can be easily produced from a wide range of raw materials, and excel with their robust chemical inertness, high solubility in aqueous media, and biocompatibility.
The CNDs employed in this work were prepared using a previously described method, by carbonization of EGTA and TRIS, and characterized using different techniques [26] . The resulting nanoparticles are monodispersed and have an average size of 3.4 nm, ranging from 2 to 5 nm in diameter, as demonstrated by dynamic light scattering (DLS). The FTIR spectrum indicates that these CNDs have amide and alcohol groups on their surface. This interesting surface chemistry makes it possible to conjugate them with biomolecules to form nanohybrids. To assess whether this is the case, in this work, the formation of bioconjugates between CNDs and three different oxidases (lactate oxidase (LOx), glucose oxidase (GOx), and uricase (UOx)) was reported. Both components were mixed and allowed to react for 15 to 90 minutes, as described in the experimental section. At neutral pH, enzymes (isoelectric point 4.0-5.0) are negatively charged. Thus, they can undergo an electrostatic interaction, with positively charged functional groups present at the CNDs surface, or they can be adsorbed on the carbon-based nanomaterial via π-π stacking interactions and hydrogen bonding. Moreover, we have proved the utility of the resulting bioconjugates for biosensor development. The biosensor was developed by direct modification of a screen-printed gold electrode with the bioconjugate, as described in the experimental section. Figure 1 shows the response of three different biosensors prepared with each bioconjugate (Lox-CNDs, Gox-CNDs, or UOx-CNDs), in the absence and in the presence of L-lactate, glucose, and uric acid, respectively. As a comparison, the response of biosensors prepared by adsorption of only the enzyme (LOx, GOx, or UOx) on the electrode surface to L-lactate, glucose, and uric acid, are also included.
Oxidoreductases catalyze the oxidation of the corresponding substrate (L-lactate, glucose, uric acid) and the product (pyruvate, gluconic acid, allantoin). These enzymes contain, in their active center, the oxidized form of a flavin nucleotide capable of oxidizing the substrate to give the reaction product. The regeneration of the active form of the cofactor in the active center takes place with the actions of the molecular oxygen, which is reduced to hydrogen peroxide. The enzymatically generated hydrogen peroxide is oxidized on the electrode surface, a process that is catalyzed by the CNDs present in the bioconjugate, as shown in Scheme 1 for the bioconjugate LOx-CNDs and the corresponding substrate L-lactate. current at +0.30 V was observed ( Figure 1D ), confirming that the biosensor response was due to the oxidation of the hydrogen peroxide generated in the enzymatic reaction.
As mentioned above, the best results were obtained for the LOx-CNDs/L-lactate system. Moreover, L-lactate has an important role as biomarker. Hence, in the following work as a model system, we developed a CNDs-based biosensing platform employing LOx. This prototype was employed to perform an exhaustive study of the system to confirm the potential utility of this nanomaterial in the construction of improved biosensing devices. The biosensor response is based on the detection of the electrochemically active hydrogen peroxide generated in the process, which is proportional to the substrate concentration present in the solution.
As can be observed in Figure 1 , in all cases, the bioconjugate provides higher peak currents at a lower potential, compared to those obtained when the biosensor was prepared with the enzyme alone. CNDs act as a promoter of the electrooxidation of peroxide and have a synergetic effect in the enzymatic activity, particularly in the case of the LOx-CNDs.
In order to assess if the measured current comes from the enzymatically generated hydrogen peroxide, the response of a CNDs modified electrode to H2O2 was also studied. A well-defined peak current at +0.30 V was observed ( Figure 1D ), confirming that the biosensor response was due to the oxidation of the hydrogen peroxide generated in the enzymatic reaction.
In order to assess if the measured current comes from the enzymatically generated hydrogen peroxide, the response of a CNDs modified electrode to H 2 O 2 was also studied. A well-defined peak current at +0.30 V was observed ( Figure 1D ), confirming that the biosensor response was due to the oxidation of the hydrogen peroxide generated in the enzymatic reaction.
As mentioned above, the best results were obtained for the LOx-CNDs/L-lactate system. Moreover, L-lactate has an important role as biomarker. Hence, in the following work as a model system, we developed a CNDs-based biosensing platform employing LOx. This prototype was employed to perform an exhaustive study of the system to confirm the potential utility of this nanomaterial in the construction of improved biosensing devices.
LOx-CNDs Bioconjugate Characterization
The features of the LOx-CNDs bioconjugate were studied using UV-visible absorption and fluorescence spectroscopy, and compared with those of LOx. The spectrophotometric behavior of the enzyme (Figure 2A black line) and the bioconjugate ( Figure 2C black line) show an absorption band at 275 nm, ascribed to the apoenzyme [37] ; as well as two less defined bands at 370 and 455 nm, which corresponds to the oxidized form of the Flavin mononucleotide (FMN) cofactor [38] . The fluorescence spectrum of the enzyme (see Figure 2B black line) shows two bands at 398 and 530 nm, exciting at 350 nm. The band at 530 nm is related to FMN [39] , and the one at 398 nm corresponds to the water Raman peak. 
The features of the LOx-CNDs bioconjugate were studied using UV-visible absorption and fluorescence spectroscopy, and compared with those of LOx. The spectrophotometric behavior of the enzyme (Figure 2A black line) and the bioconjugate ( Figure 2C black line) show an absorption band at 275 nm, ascribed to the apoenzyme [37] ; as well as two less defined bands at 370 and 455 nm, which corresponds to the oxidized form of the Flavin mononucleotide (FMN) cofactor [38] . The fluorescence spectrum of the enzyme (see Figure 2B black line) shows two bands at 398 and 530 nm, exciting at 350 nm. The band at 530 nm is related to FMN [39] , and the one at 398 nm corresponds to the water Raman peak.
Upon addition of L-lactate (red lines), the absorption bands at 275 and at 370 nm of both LOx (Figure 2A ) and the bioconjugate ( Figure 2C ) increase, due to the absorption of the pyruvate generated in the enzymatic reaction [40] . These results confirm that the bioconjugate behaves like the enzyme. The emission band at 398 nm in the LOx fluorescence spectrum (see Figure 2B red line) remains unmodified. However, the band at 530 nm shows a decrease of about 12% as a consequence of the quenching effect of the hydrogen peroxide generated in the enzymatic reaction. The absorbance The fluorescence spectrum of the LOx-CNDs bioconjugate ( Figure 2D black line), like in the case of the absorbance spectrum, shows the enzyme band at 530 nm besides the characteristic band at 450 nm of the CNDs. As it can be seen, the band ascribed to the enzyme shows a lower fluorescence in the presence of L-lactate ( Figure 2D red line) , whereas the band for the CNDs of the bioconjugate increases its fluorescence. This fact is due to the interaction of the pyruvate generated in the enzymatic reaction with CNDs. In contrast, there are no changes in the fluorescence band of the CNDs upon the addition of L-lactate ( Figure 2D red dotted line), confirming the absence of reaction between the enzymatic substrate and the nanomaterial by itself.
The above described results point to the formation of a bioconjugate between LOx and CNDs. It seems to involve interactions that do not imply changes, neither in the electronic structure of the enzyme, nor in its activity towards L-lactate.
In order to assess the LOx-CNDs bioconjugate formation, and based on the fluorescence property of the CNDs, a morphological study of the bioconjugate using fluorescence microscopy was also carried out. Figure 3 Upon addition of L-lactate (red lines), the absorption bands at 275 and at 370 nm of both LOx (Figure 2A ) and the bioconjugate ( Figure 2C ) increase, due to the absorption of the pyruvate generated in the enzymatic reaction [40] . These results confirm that the bioconjugate behaves like the enzyme. The emission band at 398 nm in the LOx fluorescence spectrum (see Figure 2B red line) remains unmodified. However, the band at 530 nm shows a decrease of about 12% as a consequence of the quenching effect of the hydrogen peroxide generated in the enzymatic reaction. The absorbance and emission spectra of L-lactate alone, recorded in the same conditions, show no bands (data not shown).
The fluorescence spectrum of the LOx-CNDs bioconjugate ( Figure 2D black line) , like in the case of the absorbance spectrum, shows the enzyme band at 530 nm besides the characteristic band at 450 nm of the CNDs. As it can be seen, the band ascribed to the enzyme shows a lower fluorescence in the presence of L-lactate ( Figure 2D red line) , whereas the band for the CNDs of the bioconjugate increases its fluorescence. This fact is due to the interaction of the pyruvate generated in the enzymatic reaction with CNDs. In contrast, there are no changes in the fluorescence band of the CNDs upon the addition of L-lactate ( Figure 2D red dotted line) , confirming the absence of reaction between the enzymatic substrate and the nanomaterial by itself.
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In order to assess the LOx-CNDs bioconjugate formation, and based on the fluorescence property of the CNDs, a morphological study of the bioconjugate using fluorescence microscopy was also carried out. Figure 3 shows the fluorescence micrographs (obtained via excitation from 375 to 420 nm, and emission from 396 to 468 nm) of CNDs (A), LOx-CNDs bioconjugate (B), and LOx (C) samples. As can be observed, the LOx-CNDs bioconjugate (B) shows fluorescence which comes from CNDs, since LOx by itself does not present fluorescence under the experimental conditions employed (see control image (C)). On the contrary, CNDs aggregates possess a strong fluorescence (see micrograph A). The bioconjugate displays bigger fluorescence spots than that observed for the CNDs alone. This is probably due to the formation of larger CNDs aggregates due to the presence of the enzyme. These images suggest that the enzyme acts as a binder, promoting the formation of big aggregates between enzymes and CNDs. These results indicate that CNDs interact with LOx, and confirm again, the formation of the bioconjugate of CNDs with LOx . . The bioconjugate displays bigger fluorescence spots than that observed for the CNDs alone. This is probably due to the formation of larger CNDs aggregates due to the presence of the enzyme. These images suggest that the enzyme acts as a binder, promoting the formation of 
LOx-CNDs Based Biosensor
Several parameters have been optimized for biosensor development. Among them, we have studied the influence of the number of CNDs employed, on the formation of the bioconjugate and reaction time. For that purpose, LOx-CNDs bioconjugates were prepared by mixing different volumes of the CNDs stock solution with 1 U of LOx for 15, 30, 60, and 90 min. The best result was obtained using 5 µL of the CNDs stock solution, and 60 minutes (data not shown).
Once the biosensor was developed, the first step was the characterization of the device by using different techniques.
The morphology of the electrode surface modified with the bioconjugate LOx-CNDs was studied with AFM, and compared to that of an electrode modified with LOx alone. The topographic image of a LOx-CNDs sample ( Figure 4A ) shows evidence of LOx binding to the surface. It can be observed that the surface is decorated with a film composed of globules distributed along it. The expected size of the individual proteins is 50 × 100 × 100 Å [41] . The globular disposition of the individual LOx molecules over the gold surface is observed, with a mean height of approximately 10 nm, which agrees with the expected size ( Figure 4B ). The absence of holes randomly distributed in the sample, indicates that there is no sublayer of LOX molecules or CNDs. This suggests that it results in a complete monolayer; whereas in the LOx sample, the presence of holes in the surface is clear, as can be seen in Figure 4B .
The complete topography of LOx cannot be defined with the AFM tip in the LOx-CNDs sample, because the enzyme molecules are linked together. This may be due to the fact that the presence of the CNDs favors the generation of a compact and ordered monolayer of proteins, with a very homogenous distribution that forms a tetragonal network. 
The complete topography of LOx cannot be defined with the AFM tip in the LOx-CNDs sample, because the enzyme molecules are linked together. This may be due to the fact that the presence of the CNDs favors the generation of a compact and ordered monolayer of proteins, with a very homogenous distribution that forms a tetragonal network. Electrochemical impedance analysis (EIS) is a powerful tool for studying the interfacial properties of modified electrodes. Therefore, it was performed to monitor changes in the properties of the electrode surface after modification with the bioconjugate. As a comparison, the behavior of electrodes modified with LOx alone was also studied with the same technique. Figure 5 shows the electrochemical impedance spectra, using [Fe(CN)6] 4−/3− as a redox probe of SPAuE, LOx/SPAuE, and LOx-CNDs/SPAuE. SPAuE and LOx-CNDs/SPAuE diagrams were fitted according to the equivalent circuit shown in Figure 5 . The impedance spectrum of SPAuE (Figure 5 black) shows a charge-transfer limited process at higher frequencies (semicircle), with a charge-transfer resistance (RCT) value of 20 Ω and a diffusion-limited process at lower frequencies (straight line portion). When LOx was immobilized on the electrode surface, a big arc appeared ( Figure 5 green) . It does not form a full semicircle, since at low frequencies data are randomly distributed. This result agrees well with an increase in the charge-transfer resistance on the electrode surface, due to the fact that the enzymatic layer forms an insulating barrier that blocks the redox probe diffusion from the bulk solution to the electrode surface. Moreover, the increase in the semicircle diameter proved the hindrance of the electron flow, confirming the well-known poor electrical properties at low frequencies of most biomolecules [42, 43] . However, when the electrode was modified with the LOx-CND bioconjugate, the Nyquist diagram shows again a typical pattern of a simple redox process under kinetic and diffusion control. In this case, the obtained RCT value of 1.1 kΩ indicates facilitated charge-transfer limited processes, and confirms the increase of the rate of electron transfer due to the presence of the CNDs in the bioconjugate. Electrochemical impedance analysis (EIS) is a powerful tool for studying the interfacial properties of modified electrodes. Therefore, it was performed to monitor changes in the properties of the electrode surface after modification with the bioconjugate. As a comparison, the behavior of electrodes modified with LOx alone was also studied with the same technique. Figure 5 shows the electrochemical impedance spectra, using [Fe(CN) 6 ] 4−/3− as a redox probe of SPAuE, LOx/SPAuE, and LOx-CNDs/SPAuE. SPAuE and LOx-CNDs/SPAuE diagrams were fitted according to the equivalent circuit shown in Figure 5 . The impedance spectrum of SPAuE (Figure 5 black) shows a charge-transfer limited process at higher frequencies (semicircle), with a charge-transfer resistance (R CT ) value of 20 Ω and a diffusion-limited process at lower frequencies (straight line portion). When LOx was immobilized on the electrode surface, a big arc appeared ( Figure 5 green) . It does not form a full semicircle, since at low frequencies data are randomly distributed. This result agrees well with an increase in the charge-transfer resistance on the electrode surface, due to the fact that the enzymatic layer forms an insulating barrier that blocks the redox probe diffusion from the bulk solution to the electrode surface. Moreover, the increase in the semicircle diameter proved the hindrance of the electron flow, confirming the well-known poor electrical properties at low frequencies of most biomolecules [42, 43] . However, when the electrode was modified with the LOx-CND bioconjugate, the Nyquist diagram shows again a typical pattern of a simple redox process under kinetic and diffusion control. In this case, the obtained R CT value of 1.1 kΩ indicates facilitated charge-transfer limited processes, and confirms the increase of the rate of electron transfer due to the presence of the CNDs in the bioconjugate. Electrochemical impedance analysis (EIS) is a powerful tool for studying the interfacial properties of modified electrodes. Therefore, it was performed to monitor changes in the properties of the electrode surface after modification with the bioconjugate. As a comparison, the behavior of electrodes modified with LOx alone was also studied with the same technique. Figure 5 shows the electrochemical impedance spectra, using [Fe(CN)6] 4−/3− as a redox probe of SPAuE, LOx/SPAuE, and LOx-CNDs/SPAuE. SPAuE and LOx-CNDs/SPAuE diagrams were fitted according to the equivalent circuit shown in Figure 5 . The impedance spectrum of SPAuE (Figure 5 black) shows a charge-transfer limited process at higher frequencies (semicircle), with a charge-transfer resistance (RCT) value of 20 Ω and a diffusion-limited process at lower frequencies (straight line portion). When LOx was immobilized on the electrode surface, a big arc appeared ( Figure 5 green) . It does not form a full semicircle, since at low frequencies data are randomly distributed. This result agrees well with an increase in the charge-transfer resistance on the electrode surface, due to the fact that the enzymatic layer forms an insulating barrier that blocks the redox probe diffusion from the bulk solution to the electrode surface. Moreover, the increase in the semicircle diameter proved the hindrance of the electron flow, confirming the well-known poor electrical properties at low frequencies of most biomolecules [42, 43] . However, when the electrode was modified with the LOx-CND bioconjugate, the Nyquist diagram shows again a typical pattern of a simple redox process under kinetic and diffusion control. In this case, the obtained RCT value of 1.1 kΩ indicates facilitated charge-transfer limited processes, and confirms the increase of the rate of electron transfer due to the presence of the CNDs in the bioconjugate. 
Biosensor Response
Once the different steps for the biosensor development were characterized and the conditions were optimized, the biosensor chronoamperometric response at +0.4 V to the increasing L-lactate concentrations were recorded (see Figure 6 ), and the analytical parameters were evaluated. The steady state is reached after 38 s. The response fits well to a Michaelis-Menten curve, indicating that the enzymatic reaction is responsible for the biosensor response. The plot shows a linear behavior from 3.0 µM up to 500 µM; and from the slope, a sensitivity of 4.98 × 10 −3 µA·µM −1 was calculated. Detection and quantification limits of 0.9 and 3.0 µM, respectively, were estimated from the standard deviation of the background current. The RSD value of the response of three different biosensors prepared in the same manner, were employed to evaluate the reproducibility of the biosensor. It was found to be 8.6%. These properties compare well with other recently published L-lactate electrochemical biosensors based on LOx, summarized in Table 1 [44] [45] [46] [47] [48] [49] [50] , with the advantage of this being simpler and prepared with low cost materials. 
Interfering Substances Study
Selectivity is an important parameter in the performance of a biosensor. Therefore, with the aim of evaluating the applicability of the developed biosensor for lactate quantification in a sample such as human serum, the effect of the potential interfering compounds more commonly found in this sample was studied. Thus, the biosensor response to L-lactate, in the presence of two different concentrations of glucose, ascorbic acid, uric acid, and acetaminophen, was recorded. As can be seen in Table 2 , the response is not significantly affected by the presence of glucose or uric acid. However, both acetaminophen and ascorbic acid have an effect on the biosensor response, especially when they are in the same concentration as the analyte. In the case of ascorbic acid, this interference is caused by the fact that ascorbic acid is a reducing agent, and the measured compound, the enzymatically generated peroxide, is an oxidant; therefore, a reaction between them occurs. With the aim of improving the biosensor performance and minimizing the effect of ascorbic acid, the electrode surface was covered by a Nafion®layer before preparing the biosensor, in order to impede the ascorbate ion from reaching the negatively charged electrode surface. This strategy reduces the interference caused by ascorbic acid by about 20% when compared with the value obtained without Nafion ® (see Table 2 ), but it still causes a negative interference in the determination of L-lactate. For that reason, a second approach, including ascorbate oxidase (AOx; 10 U) into the LOx-CNDs bioconjugate in biosensor development, was tried. Ascorbate oxidase catalyzes the oxidation of L-ascorbate according to reaction (1), reducing the concentration of ascorbic acid present in the solution.
In this case, the analytical signal of the biosensor (see Table 2 ) is almost the same as the one obtained in the absence of ascorbic acid. This approach proves to be a good strategy to eliminate the ascorbic acid effect in the biosensor response to L-lactate. Strategies to eliminate the ascorbic acid interference. Relative intensity = IL + I/IL. IL: biosensor response to 0.50 mM·L-lactate; IL + I: biosensor response to 0.50 mM·L-lactate in the presence of interfering substance at a final concentration of 0.05 mM (1:0.1) or 0.5 mM (1:1).
Determination of L-lactate in Human Serum
L-lactate is produced in the human body with the anaerobic metabolism of glucose. Normal levels in blood vary between 0.5 and 1.5 mM [34] . An increase in this concentration, besides as an exercise indicator, may be a biomarker for different pathologies [28] [29] [30] [31] [32] . Therefore, L-lactate determination is important in clinical and sports areas. For that reason, the biosensor performance in the L-lactate quantification in a commercial human serum sample was studied. After deproteinization, 0.3 mL of the sample was diluted in 3.0 mL of 0.1 M phosphate buffer (pH 7.0). Due to the sample complexity, and with the aim of minimizing matrix effects, the standard addition method was employed. A L-lactate concentration in the serum extract of 0.9 ± 0.3 mM (n = 3) was calculated. In order to check the accuracy of this result, it was compared with the one obtained using a commercial spectrophotometric enzymatic kit. In this case, a value of 0.9 ± 0.2 mM was obtained, which matches the one obtained using the biosensor, and confirms that the developed biosensor can be employed for L-lactate determination in serum samples in a fast and inexpensive way.
Conclusions
We demonstrated the suitability of employing carbon nanodots (CNDs) as a low-cost nanomaterial for developing improved electrochemical enzyme-based biosensors. Lactate oxidase was chosen as a model system. CNDs were conjugated to the enzyme by simply mixing both components, due to the CNDs interesting surface chemistry. The resulting enzyme-CNDs bioconjugate shows, in addition to the enzymatic activity, an electrocatalytic activity towards the oxidation of peroxide. It allows detection in this product of the enzymatic reaction at a low potential of +0.35 V. Hence, when the bioconjugate is deposited onto screen-printed gold electrodes, it results in an efficient disposable biosensor for L-lactate determination with enhanced performance. It shows a wide linear range and a low detection limit, when used to detect this analyte in human serum. The developed biosensor shows several advantages, compared to others developed employing nanomaterials, such as an easy fabrication procedure using low-cost materials. 
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